The intrinsic radiative lifetimes of the 5d 10 6s S 2 1/2 and 5d 9 6s 2 D 2 3/2 bound excited states in the platinum anion Pt − have been studied at cryogenic temperatures at the DESIREE (Double ElectroStatic Ion Ring Experiment) facility at Stockholm University. The intrinsic lifetime of the higher-lying 5d 10 6s S 2 1/2 state was measured to be 2.54 ± 0.10 s, while only a lifetime in the range of 50-200 ms could be estimated for the 5d 9 6s 2 D 2 3/2 fine-structure level. The storage lifetime of the Pt − ion beam was measured to be a little over 15 minutes at a ring temperature of 13 K. The present study is the first to report the lifetime of an atomic negative ion in an excited bound state with an electron configuration different from that of the ground state.
I. INTRODUCTION
Negative ions are fascinating quantum systems that illustrate the subtle nature of electronic structure and dynamics on the atomic scale. Due to the short range of the forces that hold these systems together, the number of bound quantum states is strongly limited. Some atoms do not even form stable anions, or have only a single bound state [1, 2] . Other atomic anions, however, possess one or a few bound excited states. These include higher-lying LS terms or fine-structure levels of the same electron configuration as the anionic ground state [3, 4] and/or bound excited states with different electron configurations [5] . In most cases, the ground and excited atomic anionic states have the same parity. Single-photon electric dipole (E1) transitions are then forbidden by the parity selection rule and the corresponding excited states are often very long-lived. This makes studies based on conventional optical spectroscopy methods difficult and the lifetimes of bound excited states in atomic anions are, with few exceptions, unknown. From a theoretical perspective, studies of negative ions are made more challenging by the need to accurately describe electron correlation effects, which are much more important for anions than for neutrals or cations. Measurements of negative ion properties such as binding energies and lifetimes can thus provide critical benchmarks for theoretical methods treating such correlation effects in atomic systems in general.
The characterization of atomic and molecular anions is crucial for several fields of science, as well as for certain technological applications. Negative ions are, for example, believed to play key roles as absorbers, emitters, and reaction partners in stellar and planetary atmospheres, and in the interstellar medium [6] [7] [8] [9] [10] [11] [12] . Additionally, the ability to produce beams of atomic anions forms the basis for a range of powerful and widely-used radiological dating techniques [4, 13] . Furthermore, the discovery of bound excited states in La − [14] , Ce − [15] , and Os − [16, 17] with parities opposite to those of the corresponding ground states has opened up the possibility of laser cooling of these atomic anions. Such cold anions could be used to sympathetically cool anti-protons to facilitate the production of ultra-cold anti-hydrogen for use in high-precision spectroscopic tests of CPT symmetry, and for measurements of the effects of gravity on anti-matter [18] . In each of the above examples, a detailed understanding of anion properties is absolutely necessary.
Only recently have techniques for long-term storage of negative ions (seconds, minutes, and beyond) become available, allowing for studies of long-lived anionic excited bound states [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The cryogenic ion storage rings DESIREE [29, 32, 33] , CSR [30] , and RICE [34] , which can be used to store keV ion beams for up to hours in cryogenic, magneticfield-free environments, are at the forefront in this field [35] . Some of the capabilities of the DESIREE facility were recently demonstrated through measurements of the radiative lifetimes of the long-lived, excited fine-structure level in the np 
II. EXPERIMENTAL APPARATUS
The present experiment was conducted at the cryogenic electrostatic ion beam storage ring DESIREE. A full description of this facility is provided in Refs. [29, 32] , so only a brief summary is given here. Platinum anions (Pt − ) were produced in a SNICS II cesium-sputter ion source [41] . The Pt − ions were accelerated to an energy of 10 keV and passed through a 
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• analyzing magnet for mass selection before injection into the symmetric ion storage ring of DESIREE [29, 32] , as shown in Fig. 2 leave the ring and strike a gold-coated glass plate, producing secondary electrons that are registered by a particle detector consisting of three microchannel plates (MCPs) and a resistive anode encoder (RAE) [29, 32, 42] . Alternatively, the output of an Ekspla NT300-series tunable pulsed optical parametric oscillator (OPO), with a pulse width of ∼5 ns and repetition rate of 10 Hz, was used in a crossed-beam interaction geometry in the opposite straight section of the ring (see Fig. 2 ). In this case, neutral Pt atoms are counted by an imaging detector, consisting of a triple-stack MCP with a phosphor screen anode viewed by a photomultiplier tube [29, 32, 42] . In both cases, background signals were mainly due to detector dark counts and only to a limited extent to neutral Pt atoms produced through collisions with the very dilute residual gas of 10 3 -10 4 H 2 molecules per cm 3 [32] . excited state with 1360 nm light (0.912 eV photon energy), detachment from both excited states with 600 nm light (2.07 eV photon energy), and detachment from all three bound states with 550 nm light (2.25 eV photon energy). The short pulse length of the OPO also allowed for efficient background suppression by only counting Pt atoms on the imaging detector within a 10 µs-wide time window around the OPO pulse. The OPO pulse energy and ion beam current were adjusted such that the probability for a given OPO pulse to produce one Pt atom was < 0.01. This was done in order to limit the probability that two neutrals were produced by a single OPO pulse, which would be counted as only one event by the detector due to its finite response time (resulting in a so-called "counting saturation").
Background contributions from collisions in the residual gas and detector dark counts were measured by counting events within a 40 ms-wide time window between the OPO pulses.
The CW Ti:Sapphire laser could produce a higher time-averaged neutral signal rate via photodetachment compared to the pulsed OPO. This was due to a combination of the much larger ion-photon interaction volume provided by the collinear interaction geometry and the use of higher time-averaged photon intensities and ion beam currents since "counting saturation" was no longer an issue with the CW laser. The CW mode of the Ti:Sapphire laser was also better suited for studying lifetimes shorter than 100 ms, a situation in which the fixed 10 Hz repetition rate of the OPO became a limiting factor. The Ti:Sapphire laser was used at a wavelength of 750 nm (1.65 eV photon energy), allowing for photodetachment from both excited states of Pt − .
III. RESULTS AND DISCUSSION
In order to extract effective lifetimes from the measured decay curves, fitting functions in the form of exponentials or sums of exponentials were used [36] . to probe the ions were adjusted such that photodetachment rates remained negligible in relation to the effective decay rates to be measured. The effective decay rate of a bound excited state in the stored ion beam is then the sum of the corresponding intrinsic decay rate and the rate at which the excited ions are lost through collisional detachment with the residual H 2 gas or through ion storage imperfections (e.g., voltage ripples on the ion optical elements in the ring) [32, 33] .
A. The 5d 10 6s S The measured decay curve for the 5d 10 6s S states. By assuming β + η(1 − β) = 1 ± 10, an intrinsic lifetime for the 5d 10 6s S 2 1/2 state of τ int 1/2 = 2.54 ± 0.10 s is determined. This is an extremely conservative assumption; in other cases, η has been measured to be close to one [33, 36] . excited fine-structure level via E2 transitions (see Fig. 1 ). An estimate of the ratio between the E2 decay rates can be made by noting that the E2 spontaneous transition rate is proportional to the square of the matrix element of the electric quadrupole operator between the S and the two 5d 9 6s 2 D 2 5/2,3/2 states are of a similar magnitude, and using the experimentallydetermined energy separations [38, 39] , the transition to the D level. There are two possibilities regarding this state: either its effective lifetime is very similar to that of the higher-lying 5d 10 6s S 2 1/2 state, or it decays on a much shorter time scale and is thus more difficult to detect due to the "background" from the decay of the higher-lying state. In light of the theoretical prediction for the lifetime of the 5d
level of 71 ms [38] , the possibility for a short D 2 3/2 lifetime was investigated using the CW Ti:Sapphire laser at a wavelength of 750 nm in the collinear interaction geometry (see Fig. 2 ).
Measurements of decay curves were performed over 1 s and 15 s measurement windows, using 
IV. SUMMARY AND CONCLUSIONS
In conclusion, the lifetimes of the two excited states of the Pt − anion are reported. The To date, this is the first measurement of a lifetime of a bound excited state of an atomic negative ion with a different electron configuration than that of the ground state. The present results may thus be used to benchmark ab initio calculations that include electron correlation effects, which can be expected to differ significantly between bound anionic states of different electron configurations. This is in contrast to the situation involving transitions between fine-structure levels of the same LS term and electron configuration, in which the M1 transition line strength is independent of the radial part of the wavefunction and only depends on the L, S, and J quantum numbers within the LS-coupling approximation (a good approximation for lighter negative ions).
Refinement of the experimental methods used in this study can be fruitfully applied to studies of other atomic negative ions with bound excited states. This includes the palladium anion Pd − , which is the final stable Group 10 negative ion yet to be studied in terms of excited state lifetimes, and the Lanthanide negative ions, several of which have been predicted to have bound excited states with lifetimes on the order of tens of seconds or longer [44] . 
